Transgenic Tg.AC mice carry a v-Ha-rus coding region flanked by a <-globin promoter and an SV40 polyadenylation signal sequence. These mice respond to carcinogens by developing epidermal papillomas. In some cascs, malignancies develop at the sites of these papillomas. Various patterns of squamous cell differentiation were observed in these malignancies. One malignancy that developed at the site of the papillomas was composed of bundles of spindle cells. This lesion is difficult to distinguish from fibrosarcomas by light microscopy. We characterized 16 of these malignancies (tentatively classified as spindle cell tumors) to determine if they were of epithelial or mesenchymal origin. Papillomas were induced in Tg.AC mice by full thickness wounding, 12-0-tetradecanoyl-13-phorbol acetate treatment. or ultraviolet radiation. With time, some papillomas became broad-based, downwardly invading lesions. These lesions were examined by light microscopy with.immunohistochemica1 analysis for cytokeratins and by electron microscopy. Immunohistochemical examination with a polyclonal anti-cytokeratin antibody demonstrated various degrees of keratin staining in all tumors examined. Attenuated desmosomes were also observed in these lesions by electron microscopy. These results indicate an epithelial origin for these malignancies; therefore, they should be classified as spindle cell carcinomas.
INTRODUCTION
Transgenic Tg.AC mice carry a v-Ha-ras oncogene with point mutations at codons 12 and 59 flanked b y a 2;-globin promoter and an SV40 polyadenylation signal sequence (23) . These features, and possibly the site of transgene integration, confer on Tg.AC mice the ability to develop skin papillomas in response to topical treatment with carcinogens and tumor promoters (32, 36) . The transgene is not readily detected in untreated mouse skin (15, 16) , and the incidence of spontaneous tumors on the dorsal skin of untreated mice is extremely low to zero (14) . Therefore, the induction of skin tumors serves as a reporter phenotype for the rapid identification of potential carcinogens (36) .
Tg.AC mice can also develop skin malignancies later, and these lesions are always associated with the sites at which the papillomas have developed. Histologically, two general classes of malignancies have been reported in Tg.AC mouse skin: a squamous cell carcinoma (SCC) that exhibits various patterns of epithelial differentiation, including a spindle cell variant (6, 17, 23) , and a malignant fibrous histiocytoma-like (MFH-like) spindle cell tumor. Cardiff et a1 (6) described this MFH-like spindle cell tumor, which exhibited a range of histologic patterns that included bland foci of fusiform cells, a herring-bone appearance, and an undifferentiated pattern with multinucleated giant cells. Cultured cells from these tumors did not express keratin or exhibit desmosomes under electron microscopic examination. Additionally, the MFH-like tu-mors were present with a leukemic infiltration of the spleen and in some cases the liver.
Spindle cell variants of SCCs are often confused with fi.brosarcomas because often only sarcomatous features are observed by light microscopy. In this regard, spindle cell tumors have been reported in various organs in humans and experimental animals (7, 18, 19, 26, 38, 39) . These lesions are malignant, aggressive, and of unclear histiogenesis. Electron microscopic examination and immunohistochemical studies have indicated that many of these tumors are composed of spindle-shaped cells of epithelial origin (7, 38) . Spindle cell tumors are also generated in some mouse strains by ultraviolet (UV) radiation. Whereas hairless mice usually develop well-differentiated SCCs (9, 20) , poorly differentiated spindle cell tumors are generated in haired mice (21, 33) . These spindle cell tumors were usually classified as fibrosarcomas; however, Morison et a1 (26) demonstrated that most of the lesions induced by UV in haired C3H-mice were of epithelial origin based on the presence of keratins and desmosomes in the tumors. Hence, these spindle cell tumors in C3H-mice were considered to be SCCs, although poorly differentiated. Klein-Szanto et a1 (19) demonstrated that the predominant type of spindle cell tumor generated by a multistage chemical carcinogenesis protocol in SENCAR mice was a spindle cell carcinoma, as indicated by the detection of keratins in the lesions.
Given these findings, it is not surprising that the spindle cell tumors that arise in Tg.AC mice are difficult to classify. Additionally, because MFH-like tumors, fibrosarcomas, and spindle cell carcinomas may all display a fusiform or spindle-shaped morphologic pattern when observed by light microscopy, the present study was con-5 12 0192-6233/98$3.00+$0.00 ducted to determine whether the spindle cell tumors induced in our studies were of epithelial or mesenchymal origin. Using immunohistochemistry and electron microscopy, we investigated the spindle cell tumors induced in Tg.AC mouse skin following full thickness skin wounding, UV radiation (UVR), and treatment with 12-O-tetradecanoyl-13-phorbol acetate (TPA). These spindle cell tumors display various degrees of cytokeratin antigenicity. Additionally, ultrastructural features were similar to those observed in tumors of epithelial origin. These results indicate that these spindle cell tumors in the Tg.AC mice are of epithelial origin and thus can be diagnosed as undifferentiated or anaplastic SCCs, commonly referred to as spindle cell carcinomas. However, given the ability of these mice to develop MFH-like lesions, unless the presence of cytokeratins or desmosomes are observed in spindle cell tumors, these tumors cannot be categorically designated as epithelial lesions.
MATERIALS AND METHODS

Aiiiiiinls and Tuinor Induction Experime!its.
Homo-. zygous female Tg.AC mice and nontransgenic progenitor FVB/N mice were obtained (Taconic Farms, Germantown, NY) and kept in our animal facility at least 1.wk before use. Mice were fed Pic0 Chow No. 5058 (PMI Feeds, St. Louis, MO) and were given water ad libitum. They were kept on a 12-+ lightldark cycle.
Mice used in this study were from experiments designed to study the kinetics and magnitude of the skin papilloma response in Tg.AC mice. Some animals were held after the initial experiment, and papillomas were observed to progress to malignancies. The incidence at which malignancies occurred was not determined because tumor-bearing mice were held for various lengths of time.
To generate papillomas, the dorsal skin of each mouse was shaved with electric clippers at least 1 day prior to treatment. One method of papilloma induction was full thickness skin wounding. To accomplish this mice were anesthetized with methoxyflurane (Pitman-Moore, Mundelein, IL) and a 3-cm full-thickness incision was made parallel to the midline of the dorsal surface. The incisions were immediately closed with 5-7 wound clips. Seven days later, mice were reanesthetized and the wound clips were removed. In 3-4 wk, small papillomas began to form on the wound line, as has been reported (5) . The second method to induce tumors was UVR, previously described for Tg.AC mice (Trempus et al, submitted). Mice were exposed to UVR-emitting lamps 3 times in 1 wk (Monday, Wednesday, and Friday) for a cumulative exposure of 2.6-43.6 kJ/m2 UVAKJVB. The final method for tumor induction was treatment with topical TPA, which readily produces papillomas in Tg.AC mice (23, 32) . lhmors were generated after four treatments with 5 pg of TPA (Sigma Chemical Co., St. Louis, MO) delivered in 0.2 ml of acetone over a 2-wk period.
The spindle cell tumors examined in this study occurred between 15 and 40 wk after papillomas first developed. However, we have observed spindle cell tumors to occur at later times. These spindle cell tumors occurred at sites where a papilloma had previously been obsgrved. In this regard, over a period of several months some pe-dunculated papillomas were grossly observed to change into broad-based papillomas. Several weeks later some of these broad-based papillomas flattened and became downwardly invading lesions. At this point, mice were anesthetized with C02, and tissues were collected for molecular or histological analyses.
Two downwardly invading tumors that were formed in Tg.AC mice by wounding and were suspected to be frank SCCs or spindle cell tumors were tested for their tumorigenicity in the nontransgenic progenitor FVB/N mice. A portion of the primary Tg.AC tumor was used for histological examination and molecular analysis. The remaining portion was dispersed in Ham's F-12 medium (ICN, Costa Mesa, CA) and injected subcutaneously into the dorsum of FVB/N mice. Three weeks later, FVB/N mice were anesthetized with CO,, and secondary tumors were collected.
Morphologic Studies. Tissues were excised from the animals, fixed overnight in 10% neutral buffered formalin, and processed and embedded in paraffin. Four-micrometer serial sections were cut and placed on Super-Frost Plus microscope slides (Fisher Scientific, Norcross, GA). Some sections were stained with hematoxylin and eosin (H&E) or Masson's trichrome. The skin malignancies were classified following the nomenclature outlined by Bogovski (3) . Keratinizing SCCs (also called welldifferentiated SCCs) displayed obvious patterns of keratinized pearls. The nonkeratinizing or moderately differentiated SCCs did not display the keratinized pearls, and cells were irregular in shape; however, the epithelial nature of this tumor could be recognized. The anaplastic SCC (also called undifferentiated SCC, poorly differentiated SCC, or spindle cell SCC) displayed cells with little evidence of squamous cell differentiation. A spindle cell morphology, which has also been observed in sarcomas of connective tissue origin, was the main pattern observed. This tumor usually presented with an infiltration of the subcutaneous region.
Immuriohistocheniistry. Tissue sections were deparaffinized in xylenes and rehydrated in graded ethanols, and endogenous peroxidases were blocked with 3% aqueous hydrogen peroxidase. Tissues were subjected to antigen retrieval by microwave heating (13, 35) . Slides were submerged in 0.01 hf citrate buffer (pH 6.0) and heated by microwaves at approximately 700 W for 5 min. After cooling for 3 min, slides were again heated by microwaves for 5 min. Tissues were blocked in 5% normal goat serum and incubated overnight in rabbit anti-cow cytokeratin antibody (Wide-spectrum screening, Dako ,COT., Carpinteria, CA) at a 1:1,000 dilution. Signal detection was performed using a StrAviGen Super Sensitive detection kit (BioGenex Laboratories, San Ramon, CA) with diaminobenzidine (Sigma) as the substrate as described previously (13) . The sections were counterstained with Harris hematoxylin (Sigma).
Trammission Electron Microscopy. For electron microscopic studies, tissues were fixed with 2.5% glutaraldehyde in 0.1 hi phosphate buffer, pH 7.4, for 6 hr at 4°C and postfixed with 2% OsO, in 0.1 hi phosphate buffer, resin. Thick sections were cut and stained with 1% toluidine blue for light microscopic survey. Ultrathin sections were stained with 5% uranyl acetate and 2.7% lead citrate and examined with a Zeiss EM-IOCA transmission electron microscope.
Reverse Traiiscription-Polynterase Chain Reaction Airalysis of Tianor Tissue for Expression of the ras Transgene.
Samples of spindle cell tumors were kept frozen at -70°C until ready for use. Total RNA was extracted using TriReagent (Molecular Research Center, Cincinnati, OH) according to the manufacturer's protocol. The mixture was homogenized with a polytron (Brinkman Instrument Co., Westbury, NY), and the homogenate was extracted with chloroform. RNA was precipitated with isopropanol, washed with 75% ethanol, and resuspended in diethylpyrocarbonate-treated water. Reverse transcription-polymerase chain reaction (RT-PCR) conditions were as previously described (17), except that RNA quality was assessed with primers directed to mouse p-2 microglobulin (MB2). Sequences for MB2 were sense 5'-GACTGGTCTTTCTATATCCTGG-3' and antisense 5'-CTTTCTGCGTGCATAAATTG-3'. Transgene primers were sense 5'-TGGACAAACTACCTACAG-3' and antisense 5'-AATTCTGAAGGAAAGTCC-3'. The RT-PCRs were carried out in a Perkin-Elmer (Norwalk, CT) model 9600 thermal cycler. The reverse transcription reaction was incubated at 42°C for 15 min and inactivated by raising the temperature to 99°C followed by cooling to 4°C. PCR conditions were 94°C for 1 min followed by 30 cycles of 94°C for 30 sec, 50°C for 30 sec, and 72°C A spindle cell tumor that developed in a Tg.AC mouse at the site of a skin papilloma induced by full thickness skin wounding is shown in Fig. 1 . Spindle cell tumors also developed from papillomas generated with TPA and TOXICOLOGIC PATHOLOGY UVR, and their appearance was similar to that of the lesion shown in Fig. 1 . The tumor was composed of bundles and whorls of fusiform (i.e., spindle shaped) cells similar in shape to the cells observed in fibrosarcomas (Fig. 1A) . Mitotic figures were frequently noted. No obvious keratinization patterns was observed in the H&Estained spindle cell tumor sections. A fascicular (hemngbone) tissue arrangement, as has been described in spindle cell carcinomas and fibrosarcomas, was frequently observed. Evidence of collagen ,fibers was not observed when the tissue was stained with Masson's trichrome (Fig. lB) , which suggested that the tumor was not of dermal origin.
Iininuiiohistoclieiiiical Exaniiiiation of Cytokeratiiis
The detection of cytokeratins by immunohistochemisty can be used to determine whether a lesion is of epithelial origin when a tumor has an anaplastic phenotype. Figure  2 shows a TPA-induced skin tumor that exhibited both a nonkeratinizing or a moderately differentiated SCC phenotype ( Fig. 2A-C ) and a spindle cell phenotype (Fig.  2D-F) . In Fig. 2A , a transition from a modeiately differentiated to a spindle cell appearance can be seen, with decreased levels of keratin staining occumng in the more anaplastic spindle cell region. In Fig. 2D -F, the regions that were mainly composed of spindle cells also displayed cytokeratin antigenicity, albeit at reduced levels. We observed keratin immunoreactivity in 15 additional spindle cell tumors. Five of these tumors were induced by TPA, 8 were induced by UVR, and 2 were induced by full-thickness skin wounding. One of these additionaltumors, another TPA-generated spindle cell tumor, also showed a transition from a moderately differentiated SCC to an anaplastic spindle cell tumor, similar to the tumor shown in Fig. 2 . The 14 other spindle cell tumors had an anaplastic appearance (as shown in Fig. 1) . which made it difficult to distinguish these lesions from fibrosarcomas until they were shown to be keratin positive by immunohistochemistry.
Portions of the 2 primary spindle cell tumors induced in Tg.AC mice by skin wounding were dispersed into cell suspensions and injected subcutaneously into FVB/N mice. Three weeks later, tumor nodules were evident under the skin of the FVB/N mice near the sites of injection. Six secondary tumors that grew as a result of the injected Tg.AC tumor material were examined by light microscopy and were keratin positive. In one case, the level of keratin antigenicity was higher in the secondary tumors than in the primary tumor (data not shown).
Electron Microscopic Morphology
The ultrastructure of 2 primary spindle cell tumors generated by full thickness skin wounding in Tg.AC mice and 6 secondary tumors generated by injecting the primary tumor cells into normal FVB/N mice were examined by electron microscopy to confirm whether or not epithelial cell-specific features were present. Electron micrographs of a primary tumor and normal epidermis are shown in Fig. 3 . The tumor cells display irregularly shaped nuclei and prominent nucleoli (Fig. 3A) . Collagen fibers could not be observed in intra-or intercellular regions (Fig. 3A) . Desmosomes, hemidesmosomes, and intermediate filaments were found in ultrathin sections from all tumors (Fig. 3B) . Desmosomes were easily detected, although often they were poorly developed or attenuated ( Fig. 3C ) when compared with complete desmosomes found in normal keratinocytes of Tg.AC skin (Fig. 3D ). In the attenuated desmosomes, slender dense plaques were present with a few intermediate filaments converging on the plaques (Fig. 3C ). For comparison we examined benzene-induced sarcomas in transgenic p53+'mice. In those lesions, collagen fibers were seen both in and around the tumor cells; however, poorly developed desmosomes were not observed (data not shown).
RT-PCR Analysis of Tumor Tissue for Expression of the ras Transgene
Representative samples of spindle cell tumors that were induced by full thickness skin wounding and by UVR were analyzed for the expression of ras transgene mRNA. Spindle cell tumors induced both by full-thickness skin wounding and by UVR express the transgene (Fig. 4) . Additionally, we have previously shown that TPA-generated spindle cell tumors also express the ras transgene mRNA (1 7).
DrscussroN
SCCs in mouse skin can be subdivided into 3 major types based on the features present in the lesion (3): the keratinizing or well-differentiated SCC, which presents with obvious patterns of keratinization and cells that may .be of irregular shape and size, the nonkeratinizing or moderately differentiated SCC, in which no obvious pattern of keratinization is found but the epithelial nature of the tumor is recognizable, and the anaplastic SCC, also called undifferentiated or poorly differentiated SCC. Microscopically, the entire anaplastic SCC, or a major portion of it, is comprised of bundles of spindle-shaped cells and is difficult to distinguish from sarcomatous tumors of mesenchymal origin.
The presence of keratins can be used as a marker to determine the possible epithelial origin for a neoplasm with an unclear histiogenesis (26, 31) . In this regard, Klein-Szanto and colleagues (19) showed that 1 of the malignancies induced by chemical carcinogens in mouse skin is the spindle cell tumor, which displays a wide variation in the percentage of keratin-positive cells. Given the presence of keratin, those tumors were classified as spindle cell carcinomas. In the present study, the spindle cell tumors generated in Tg.AC mice by UVR, chemical treatment (TPA), and full-thickness skin wounding all 'displayed some percentage of keratin-positive cells. These findings demonstrate that these Tg.AC spindle cell tumors are likewise spindle cell carcinomas.
One Tg.AC spindle cell tumor that exhibited low levels of keratin when examined immunohistochemically exhibited increased keratin immunoreactivity in secondary tumors generated by injecting cells from the primary tumor into an FVB/N mouse. In this regard, it is noteworthy that the expression of several types of keratins were reduced when transformed cultured cells were injected into nude mice but then returned to "normal" levels when the nude rnouse-derived tumor cells were returned to culture (1) . Keratin expression patterns not only change during the neoplastic development of skin tumors in vivo (12, 22, 27, 30, 37) , but they can also be altered by in vitro conditions (29, 34) . These findings suggest that factors in a cell's environment, in addition to carcinogenic changes, mediate the expression of cytokeratins.
Ultrastructural features can also be used to determine if an anaplastic tumor is of epithelial origin based on the presence of intercellular bridges, desrnosome-tonofilament complexes, and keratohyaline granules (3, 24, 38) . Desmosomes in poorly differentiated or anaplastic carcinomas can be small and difficult to identify. In such cases attenuated or poorly developed desmosomes may occur in which the details of the intercellular gap are lacking, but slender dense plaques may be observed with intermediate filaments converging on the plaques (1 1). Desmosome-like structures are occasionally found in cells of mesenchymal origin (e.g., fibroblasts, Ewing's sarcoma, and neuroblastoma) (10, 11, 24, 25) ; however, they contrast with true desmosomes (including attenuated desmosomes). In the present study, we found attenuated desmosomes in the Tg.AC spindle cell tumors examined with a few intermediate filaments converging on the attachment plaques (Fig. 3C) . These findings and those of the immunohistochemical studies indicate that the spindle cell tumors in these Tg.AC mice are of epithelial origin.
Previously, we estimated that approximately 40% (9 of 22 cases) of the malignancies that occurred in Tg.AC mouse skin were sarcomatous and the remainder were SCCs (14) . However, those lesions diagnosed as sarcomas were not examined by electron microscopy or by immunohistochemistry. In the present study, we examined 16 spindle cell tumors that may have been classified as sarcomas, or MFH-like tumors, if we had only examined H&E-stained tissue sections by light microscopy. However, further investigation revealed that all 16 tumors were keratin positive by immunohistochemistry. These findings suggest that our original estimate of the incidence of sarcomatous skin malignancies was incorrect and will require further evaluation.
Occasionally, we have encountered spindle cell tumors in Tg.AC mice that were negative for keratin antigenicity. These malignancies may represent true sarcomas, or they may have dedifferentiated so far from the original kentinocyte phenotype that they have lost the ability to express keratins. Alternatively, the fixation method may have affected the ability to detect keratin. In such cases, electron microscopic examination might provide clarification of the cell of origin if desmosomes or attenuated desmosomes can be recognized. In nontransgenic mouse skin carcinogenesis models, the progression of papillomas to SCCs has been reported to proceed with alterations in the c-Ha-ms gene. In this regard, Quintanilla et a1 (28) reported that some SCCs exhibit an amplification or homozygosity of the mutated Ha-rus gene. Bianchi et a1 (2) demonstrated that in mouse SCCs, a trisomy of chromosome 7 results from a duplication of the chromosome bearing the mutated ras allele. Also, when the normal rus allele is absent in an SCC, the phenotype of the carcinoma is usually of the spindle cell variant; in some carcinomas with both spindle and squamous cell components, the spindle cell component usually lacked the normal rus allele (4). Collectively, these results suggest that there is an excellent correlation between increased levels of mutated rus and an increased degree of malignancy in squamous cell tumors in nontransgenic mice. In the present study ( Fig. 3) , we demonstrated the expression of the rus transgene in spindle cell tumors generated by UVR and full-thickness skin wounding but not in regions adjacent to the tumor (as determined by iii sitlc RT-PCR; S. Asano, unpublished observations). Additionally, we previously showed expression of the ras transgene in TPA-generated -spindle cell tumors (17) . These findings suggest that ras expres- sion is necessary for the spindle cell phenotype in Tg.AC mice. Also, an increased level of transgenic ras expression was reported in carcinomas when compared with papillomas at both the mRNA and protein level (17) , and this increase occurred without alterations in the normal ras allele and without the trisomies of chromosome 7 that have been observed in nontransgenic mice (8) . Therefore, regardless of the mechanism used to achieve the expression of mutated rus in either transgenic Tg.AC or nontransgenic mice, increased levels of mutated m s appear to drive the progression of papillomas to SCCs.
From the data presented here, we conclude that the majority of the spindle cell tumors that occur in Tg.AC mice are of epithelial rather than mesenchymal origin; however, definitive proof of the epithelial nature of a spindle cell tumor will require ultrastructural or keratin immunohistochemical examination. If a Tg.AC mouse bearing a spindle cell tumor that is cytokeratin negative also presents with a leukemic infiltration of the spleen and/or liver, then the possibility that the lesion is an MFH-like spindle cell tumor should be considered given that this lesion has been reported to occur in these mice (6).
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